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METHOD AND APPARATUS FOR SEPARATING

MATERIALS MAGNETICALLY
BACKGROUND OF THE INVENTION

This invention, which was made under a contract

- with the United States Department of Energy, relates to
an improved method and apparatus for separating mate-

rials having different magnetic properties.
 Impurities such as iron pyrite have previously been

5
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types of materlal separators in which materlals is at-
tached to a collector magnetlcally and. subsequently-i-_;._'__'-_i_
released. Also described in the same article is a Frantz-
Isodynamic separator in which a mixture of magnetic =~ -
and non-magnetic materials is passed between the polesz- R

- of a C-shaped magnet, the magnetic force of the mag-
- netic deflecting particles from a stralght fall path

U.S. Pat. No. 4,052,170, issued to T. Yan on Oet 4
1977 discloses a coal beneficiation. apparatus comprls--;'li‘ -
ing a vertically disposed tube (see FIG. 4 of the patent) ..

10

separated from pulverized coal by magnetic devices.

However, many of the known types of magnetic separa-

tors use magnetized collectors from which a separated
- constituent of a coal mixture must be periodically. re-
‘moved. Although efforts have also been made to use a

- magnetic field to deflect magnetic material travellng.

along a path and thereby separate it from non-magnetic
material associated therewith, known devices utilizing
this pl‘lIlClple of operation have not been practical for

use in large scale commercial operations because ‘of 29

“their inabilities to generate the requlred magnetlc field
1n a large volume

PRIOR ART

In an article ttt]ed “ngh Gradlent Magnetlc Separa-
tion Theory and Application”, published in September,

1976, in IEEE Transactions on Magnetics, Vol. Mag-

15

2>

12, No. 5, R. Oder described a magnetic separator com-

prising a stacked series of electromagnetic coils sur-
rounding a matrix of steel wool, the latter being magne-
‘tized by the coils so that magnetic corstituents of a
particulate mixture passed through the matrix are-cap-
tured thereby. Also described in the same article is a

magnetic separator comprising ‘a compartmented’ car-

rier rotatably mounted within a section of an electro-
magnetic coil, matrix materials' being disposed 1n the
compartments of the carrier for collecting magnetic
“material passed therethrough: In these separators, mate-
rial captured in a matrix is periodically removed there-
from by de-energizing the coil or coils associated there-
with and thereafter flushing the material from the ma-
trix. In the same IEEE publication, other separators
which use an annular magnet are described. An article
by H. Cohen and J. Good in the aforesaid publication,
titled “The Principles and: Operation of ‘a Very High
‘Intensity Magnetic' Mineral Separator”,
apparatus wherein an annular magnet surrounds a tube

35
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45
describes an

through which a mixture of magnetic and non-magnetic

material is passed. Magnetic particles are attracted to
one side of the tube and travel along the wall thereof
until they reach an opening and pass from the tube.
Cohen and Good also describe in thetr article an appara-

50

tus in which a mixture of magnetic and non-magnetic

material is introduced into a channel surrounding an

- annular magnet, the material traveling in a circular path.

55

around the magnet and the 'magnetic portion thereof

moving toward the magnet so that it is separated from

the non-magnetic portion. Separation of magnetic mate-
- rial from coal by use of a magnetic material cnllecnng
matrix of the above-described type is also considered in

60

a Bureau of Mines Report prepared by F. E. Luborsky

under the title “High Gradient Magnetic Separation

For Removal of Sulfur From Coal”, and released in

February, 1977. ;
In an article titled “Magnetic Separatlon A Review

of Principles, Devices and Applications”, published in

June, 1974, in IEEE Transactions on Magnetics; Vol.
MAG 10, No. 2, J. A. Oberteuffer describes various

65

SUMMARY OF THE INVENTION
' It is therefore an object of thlS mventron to prowde

and a plurality of magnet pole pieces disposed around . -~ -
the periphery of the tube. Particulate coal -:':t::;ntalnlng?i}fgi55E ?3"‘ BRRE
~ magnetic particles passes through the tube and the mag- | ;'
‘netic particles are attracted and held at the wall thereof '
- until they are dlslodged by rotatmg vanes e

an improved method and apparatus for separatmg mate-— o ; ";'f???:??-E

rials having different magnetic properties. -

‘A more specific object of the invention is to prowde

an arrangement of electromagnetrc coils capable of

changes sharply over a small dlstance

Another object of the invention is to prowde an efﬁ-:?"--.-f;:,'..tﬁ.:..---_';_;; ?-
‘cient apparatus for magnetlcally separatlng 1ron pyrlte;*?.; T
from pulverized coal on a continuous basis. e
 These objects are achieved in accerdance w1th the.;;s.'i Lk
‘present invention by passing a mixture of materials = .
“having different magnetic properties through a mag-ﬁg O
~ netic field created by electromagnetic coils arranged in..
a particular manner that will be described in detail here- . .~ =
inafter, the magnetic material in the mixture being de-- =

 flected relative to a common central axis of the coilsbut . - .

passmg by the coﬂs wnhout comlng 1nto contact there- U

In all - embodlments of the 1nvent10n a plurahty of
electromagnetlc coils are arranged so as to create a

DESCRIPTION OF THE DRAWINGS

- generating a magnetic field the 1nten51ty ef whlch_.gﬁz_ .

magnetic field the intensity of whlch varles greatly over-j: ::
.asmall dlstanee | L B

FIG. 1 is a diagrammatic, cross-sectional representa-:_ RIS

tion of one preferred embodiment of the invention.

FIG. 2 is a diagrammatic, cross-sectional representa- SRR
tion of another preferred embodiment of ‘the invention == -
that includes a plurality of electromagnetlc coils ar- = |
- ranged in two sets, flow of electric curent in the wind- =~

ings of the coils of one of the sets belng oppOSlte that n _Qf:i :

'the wmdmgs of the coils of the other set.

FIG. 3 is a diagrammatic representatlon of a thlrd'

prefered embodiment of the invention, wherein flowof =~
a material relative to the. electromagnetlc coils of the:_-.;-;-:r;_ e ;;g_,:
embodlment dlffers frorn that 1llustrated n FIGS 1 and .

2.

FIG 4 is a graph 111ustrat1ng the magnetle ﬁeld 1nten-.___ ~

sity across the ends of the electromagnetrc corls 111“3"..7'5"5'-_5_:;_:_;;.-;

trated in FIG. 3.

FIG. 5 illustrates a type of elec:tromagnetlc cml that.'f.-;:
‘can also be used in apparatus constructed in- accordance

with prmcrples of the invention."

DESCRIPTION OF PREFERRED
EMBODIMENTS OF THE INVENTIONS

In the embodiment of the invention 1llustrated 1n
FIG. 1, two 1dentlcally-shaped electromagnetlc cmls:r:_g_-i-:,'_ S

(genera]ly deSIgnated by reference numbers 10a. 10b)
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are tandemly disposed relative to a common central axis
12. Each of the coils comprises a plurality of windings
14 which extends circumferentially around axis 12, and
each coil is connected to a source of electric energy
which supplies current to the coils in the directions 5
indicated in the drawing by dots and crosses associated
with the windings. More particularly, curent flows

through the windings of coil 10 in a counterclockwise
direction as viewed from a point above and coil, and
~ current flows through coil 105 in the opposite direction, 10

points and crosses associated with the coil windings
respectively representing points and tails of direction
indicating arrows in FIG. 1. The axis of the coils 18
vertically disposed.

A tube 16 extends through coils 10q, 106 in coaxial 15
relation therewith, and secured in the upper portion of
this tube is a support plate 18 on which a shide 20 is
mounted for adjustable movement radially of the tube.

A nozzle 22 is attached to slide 20, and a flexible conduit

24 connects this nozzle to a conventional feed supply 20
source. Two tubes 26, 28 are disposed in concentric,
spaced relation in the lower portion of tube 16 and
respectively collect diamagnetic and paramagnetic par-
ticles included in a feed stream 30 discharged from
nozzle 22, as will be considered in further detail herein- 25
after.

The embodiment of the invention illustrated in FIG.

2 comprises a plurality of electromagnetic coils which
are generally designated by reference number 32¢-32f,
the arrangement of these coils corresponding to that of 30
coils 10a, 10b of the above-described apparatus in that
they are also tandemly disposed relative to a vertical
central axis 34. The windings 36 of coils 324-32f are
connected to a source of electric energy which supphes
current in the directions mdicated by dots and crosses 35
associated with the windings. A stream 38 containing
particles with different magnetic properties is dis-
charged from a conduit 40 onto a cone 42 the vertical
~axis of which is coincident with the central axis 34 of
coils 32a-32f, and collector funnels 44, 46 separate the 40
material spectrum of this stream after the particles fall
from the cone and pass through the coils. The operation

of this embodiment of the invention will be further
described hereinafter. |

As illustrated in FIG. 3, a third embodiment of the 45
invention includes three electromagnetic coils generally
designated by reference numbers 482-48¢, these coils
having a common horizontally extending central axis S0
and being arranged in spaced, concentric relation. The
ends of these coils lie in a plane perpendicular to axis 50, 50
and a duct 52 discharges a narrow stream 54 of mag-
netic and non-magnetic particles downwardly across
the coil ends in spaced, parallel relation therewith. The
windings of each of the coils 482-48¢ extend circumfer-
entially around axis 50, and they are connected to a 55
source of electric energy so that current passes through
them in the same direction. As will also be discussed
hereinafter, the magnetic field generated by coils
48a-48¢ causes magnetic particles in stream 54 to be
deflected toward or away from the coils, depending 60
upon the type of magnetic susceptibility possessed by
the particles (paramagnetic or diamagnetic), and non-
magnetic particles in the stream follow a straight path.

A duct 56 is positioned below the coils and is divided by

a partition 58 into two channels which separate the 65
“material spectrum of stream 54 (arrows in the drawing
showing deflection of paramagnetic particles toward
the coils for the purpose of illustration).

4

DESCRIPTION OF OPERATION OF THE
PREFERRED EMBODIMENTS OF THE
INVENTION

The force F acting on a particle of magnetic material
disposed in a magnetic field is expressed by the follow-
ing equation:

—p —— ——p
F=Vp(Mp-=])H

wherein
- Vp=volume of a particle

__M:_ﬁ=mg,gnetization of the particle g

H =magnetic field intensity | -

Accordingly, if stream 30 of FIG. 1 contains para-
magnetic and diamagnetic particles (such as, for exam-
ple, iron pyrite particles and coal particles) the para-
magnetic and diamagnetic particles will be deflected in
opposite directions by a magnetic force exerted by the
coils times the magnetic suscéptibility of the particle. A.
corresponding effect is produced by the arrangements
of FIGS. 2 and 3. ‘ )

The arrangement of coils 10q, 105 which is Hllustrated
in FIG. 1 provides a large force component in a radial
direction near the coils and the force decreases as the
radial distance from the coils increases, either inside or
outside the tube. Hence adjacent the wall of tube 16 a
large magnetic force acts on a particle of magnetic
material in stream 30 so that paramagnetic particles
enter tube 28 whereas diamagnetic particles enter tube
26. Slide 20 can be adjusted to position nozzle 22 at
different points across tube 16 to thereby control the
relative amounts of material entering tubes 26 and 28.
The same type of magnetic field exists outside cotls 10a,
105, and thus a nozzle 22 could be located outside the
coils and a suitable collector could be provided to sepa-

rate the material deflected by the magnetic field sur-

rounding the coils. The arrangement of coils 32a-32f of
the FIG. 2 embodiment of the invention in two sets
(namely, a first set consisting of coils 32¢-32¢ and a
second set consisting of coils 324d-32f) and the direc-

" tions in which electric current passes through the coils

of the two sets (namely, clockwise in coils 32q-32¢ and
counterclockwise in coils 32d-f if the coils are viewed
from a point above the coils) also creates the same large
radial force components near the coils. Thus strong
magnetic forces are exerted on magnetic particles 1n the
cylindrically shaped stream 38 and the particles are
deflected into a spectrum which is separated by funnels
44 and 46. .

In the graph shown in FIG. 4 curve A shows the
magnetic force created by coils 48q¢-48¢ of FIG. 3 at
different points lying in a verticle plane that includes

the horizontal central axis 50 of the coils, the abscissa

axis showing distance of a point from axis 50 and the
ordinate axis showing kilogauss?/cm at the point.

It will be seen from the graph that a large separating
force exists between points a and b on curve A. Separa-
tion of coal particles has been demonstrated with forces
on the order of 70 K gauss?/cm, which this configura-
tion easily meets or exceeds between point a and b.

Particles discharged from duct 52 are deflected into a
spectrum as they pass by coils 48¢-485 and are sepa-
rated into two streams by plate 58 in duct 56.

It is not necessary to use annular coils in apparatus in
accordance with the invention. Coils of the shape illus-
trated in FIG. 5 or ellipsoidal coils can also be stacked
in the manner of coils 10q, 106 of FIG. 1 or coils
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field 'intensity varies greatly over a small distance.
What is claimed is:

1. Apparatus for separatmg matenals havmg dlfferent "

magnetic properties, comprising: -
a plurality of concentrically dlsposed current-con-

4,340,468

324-30f of FIG. 2 to provide magnetic fields in which

ducting coils each having a plurality of windings

extending circumferentially about a central axis;

means for passing a stream of said materials across -
10

ends of said coils in a dlrecuon substantlally normal

to said axis; and |
means for separately collecting portlons of sald mate-

~rials that travel along different paths while crossmg .

.6.

- the ends of said coils under the mfluence of the.-i_;;-:@__

magnetic field produced by said coils.

2. A method for separating materials having dlfferent A
magnetic properties employing a plurality of concentri- -
cally disposed, current-conductmg coils each havinga
plurality of windings extending circumferentially about .
a central axis, comprising; passing a stream of said mate- =
rials across ends of said coils in a direction substantlally :.?__._;jj_ __

normal to said axis; and separately collectmg portions of

said materials that travel along different paths. while

crossing the ends of said coils under the mﬂuence of the

'- magnetic ﬁeld produced by said coﬂs
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